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Prospero: A Tool for Organizing lnternet Resources

B. Clifford Neuman
t

Recent growth of the lnternet has greatly increasedthe amount of information that is accessible and the number of re-
sources that are avaRable to users. To exploit this growth, it must be.possible for users to find the information and re-
sources th_ need. Existing techniques for organiz:'ng systems have evolved from those used on centralized systems, but

thesetechniquesareinadequatefororganiza'nginformationonaglobalscale.

This article describes Prospero, a distributed file system based or=the Virtual System Modal. Prospero Frovides tools
to help users organize Internet resources. These tools allow users to construct customized views of available resources,
while taking advantage of the structure imposed by others. Prosperoprovides a framework that can tie together various
indexing seruicesproducing the fabric on which resource discovery techniques can be applied.

The Internetcontainsa massive amount ofinforma-

lion,but itishard touse thatinformation.There are

severalbarrierstousability:itisdifficulttoidentify
theinformationofinterest;itisdifficulttokeep track
ofthisinformationonce found;itisdifficulttoshare

informationabout what isavailable,or tocollabora-

livelymaintain such meta-information;and the in-
formation is often scattered across multiple file sys-

tems of different types, meaning that different
mechanisms are needed to access it. Existingmeth-

ods for organizing information have evolved from
techniques used on centralized systems and are inad-
equate for or_g information on a global scale.

Users look for information in many ways. They
consult libraries, journals, professional society publi-
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cations, mailing lists, indexing services, and other
users. While these sources of meta-information are

useful, it is still necessary for users to identify the
source that can answer their query. Prospero pro-
rides a framework within which such meta-
information (which I will refer to as directories) can

be made available to users, and it provides the tools
to allow directories from multiple sources to be com-
bined in useful ways.

Prospero lets users create customized views of

a global file system. "rids customization plays an im-
portant role in organidng information since there
are many communities of users, and they do not
share the same interests. By supporting multiple
views of the available information, one can improve
the ease with which one finds h-dormation that is

likely to be of interest, while keeping less useful in-
formation out of the way where the user is less likely

to trip over it.

A prototype of Prospero is available and has
been used to organize information on Internetsites
world-wide, l_rospero-based applications are used
on more than 7500 systems in 29 countries on six
continents.

Organizing, Not Just Searching

There are four areas where work is needed to help
users obtain the information they need: retrieval, in-
dexing, search, and organization. A number of recent
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systems have addressed the first three areas, yet the
-fourth has been greatly ignored. Users require all
fourfunctionsifthey are toobtaintheinformation

theyneed.Without work on organization,the other
functionsbecome lessusefulasasystemgrows.

Some recentlydistributedfilesystemssupport

a global name space. The Andrew File System (Ho-
ward et al., 1988) is an example. Such file systems
provide for the retrieval of files worldwide, yet they
do little to help the user find files of interest. Such
file systems have directories near the root named af-
ter organizations, with thenextlevelusually naming
individualusers.Fileson particulartopicsare scat-
teredacrosstheleavesofthetree,where theyaredif-

ficuit to find.

Indexingcan helpusersfind informationthatis
scatteredacrossa distributedsystem.In attribute-

based naming ('Peterson,1988),a name isresolved

by querying a database of the attributes associated
with local resources. Similarly, the Wide Area Infor-
mation Server (WAlS) maintains a full-text index of a

collection of documents, allowing users to search for
documents by specifying words that appear in the
full text (I<ahle & Medlar, 1991). The Semantic File

System (Gifford et al., 1991) provides another exam-
ple of indexing by maintaining an index for all files
on a collection of file servers. Distributed indexing

(Danzig et al., 1991) provides an alternative ap-
proach to indexing widely distributed information.
Indices are maintained by topic, and a topical index

can request that future updates to other indexes be
propagated if they match certain criteria. The indices
in the systems described so far cover only a subset of
the files that are available globally. It is still neces-

sary for the user to find the correct server to query
(selecting the index to be used).

Although it is possible to construct indices that
cover large con_tions of files, it is necessary to trade
detail and completeness for manageable size. For ex-
ample, the Archle database (Emtage & Deutsch,
1992)indexesfilesfrom certaindirectorieson major
Internet FI'P sites. The index, however, is based only
on file names, not the i'de contents or other attributes.

Completeness is also limited since only files available
by anonymous FI"P on selected sitesare included.

Another problem is that m_y queries re_'_.u-nmuch
more in/ormation than most users are prepared to

deal with. In many cases, the large number of items

found obscures the few that are really of interest.

When resources of interest to a user are distrib-

uted acrossmultiple systems, and when the directory
informationneeded to discoversuch resourcesis

scatteredacrossmultipleindices,resourcediscovery

techniquesareneeded to searchforthedesired infor-
mation.Simplisticsearchstrategiessuch as global
broadcastor exhaustivedepth-firstsearch(asused

by theUnix findcommand) arenotsuitableforlarge

systems.Instead,searchtechniquesshouldbe based
on browsing:lookingat the informationpresently
availableand expanding the searchin dire_'bns

most likelytoyieldthe desiredresults.Such brows-

ing might includean interactivedialoguewith the
user(asisthe casefordirectorybrowsers),itmight

be highly automated whileaccepting inputfrom the
user to narrow the search(asisdone in Schwartz

and Tsirigotid (1991) resource discovery work), or
once initiated it might run independently, returning
the results to the user [knowbots (Kahn & C.eft, 1988)
fall into this class].

Such search strategies are useful primarily
when information is organized in such a way that

programs and users can determine the appropriate
direction in which to expand a search. One way to
do this is tO build a hierarchical directory service
that can be used to fred indexing services with infor-
mation on various topics. Dalton (1991) discusses

the possibility of using X_00 for this purpose. Such
an approach works best when organizing a limited
number of objects or when a single administrator
can decide what is to appear in the upper levels of

the name space.

The X.500 approach breaks down administra-

tively, however, ff used to organize fine-grained ob-
jects on a global scale. It is very difficult to gain
agreement on what topics should appear near the
top of the tree, and once topics are agreed on, there
is disagreement on which resources ,should be in-
cluded under each topic. This problem is apparent
on Usenet, a worldwide dis_ibuted message service
for disseminating messages on many topics. A sig-
nificant share of the messages sent on Usenet discuss
what messages are appropriate for particular news-

groups, whether new newsgroups should be o'eat-
ed, and what they should be called. This clearly
demonstrates the problem of react_g consensus on

globally shared names.

Instead ofsupportinga single hierarchy for or-

ganizing information, it is possible to allow each
user to organize information on his or her own. This
customization is important for a number of reasons:
it reduces the clutter that would otherwise be caused

by resources in which the user has little interest; it
allowsuserstodefineshorternames forfrequently

referencedresources;and itallowsusersto replace

entireportionsof the naming hierarchywith alterna-
tiveviews more appropriatefor theirparticular
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needs. User-centered naming also
eliminates the need for consensus

"when deciding what should appear
in the upper levels of the naming
hierarchy. Each user can make that
derision based on his or her own

opinions.

Organizational mechanisms
must make available directory L-dor-
mat/on from many sources, includ-
ing existing indexing schemes z and
directory information _:ified by
users. It should be possible for direc-
tory tx_ormation from different
sources to be combined in useful

ways.

Figure 1. Directory before application of a filter

The Virtual System Model

The Virtual System Model (Neu-
man, 1992) provides a framework $or organizing
large systems within which users constructtheir
own "virtual" systems by selecting objects and ser-
vices that are available over the network; users then

treat the selected resources as a single system, ignor-
• ing those resources that were not selected. The Pros-

pero file system is a file system based on the Virtual
System Model. By supporting a customized view of
the system, information of interest to a user is prom-
inently located near the center of the user's name
space, while information that is not of interest is
kept out of the way.

As users organize virtual systems for their own

use, the structure imposed on the information can
often be used by others. The Prospero naming net-
work forms a generalized directed graph. A user's
name space appears hierarchical and corresponds to
the names seen by the user starting from a particular
node in the graph, the root of the name space. If a
user finds an object or a d/rectoryof interest, the
user can add a link that will make the object more
prominent. When a user creates a directory with
links to objects on particular topics, others can (if au-
thorized) view that directory and include it in their
own virtual systems, thus benefiting from the organ-
ization imposed by the first user.

Indexing services are made available through
Prosperoby treatingtheresultsofa query m a virtu-

al directory. Users can add links to the directories
corresponding to particular indices, and even to d/-
rectories that correspond to queries executed upon
those indices.

Two features of Prospero allow new views of
information to be derived from mete-information

that already ex/sts. Ira union link is included in a di-
rectory, the contents of the directory that is the tar-
get of the link appear to be included in the directory
containing the link. This allows a directory to incor-

Porate directory information from other sources.
When the original source changes, thechanges will
also be reflected in the directory incorporating that
information.

When constructingviews,userscan also asso-
date functions (filters) with links that allow the crea-
tion ofderivedviews from views that alreadyexist.

For example,inFigureI filesarenamed with thela-

belsa though g. Associated with each file is an attrib-
ute list, one attribute of which is the language in
which the text was written. The value of the lan-

guage attribute is shown in the box representing the
file. By attaching the distribute() filter to the directo-
ry link, a derived view is created within which the
files appear to be d/stributed across subdirectories
according to the value of the language attribute. The
derived view is shown in Figure 2.

A filter can be an arbitrary program that takes
a representation of a directory as an argument and
returns the same. It can add links to a directory, de-
lete links, change the names of links, and even de-
fine new filters that are to be applied when travers-
ing links deeper in the hierarchy. As arbitrary
programs, filterscan accessany informationneeded

toperform their function.Typically,thisinformation
includes attributes of files and the contents of other
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directories,but itmight involvereadingfilesor pep

forming databasequeries.Although userscan write
'"theirown filters,itisexpectedthatmost willuse the

setalreadydefinedforthem.

Organizing Information with Prospero

The VirtualSystem Model allowsinformationtobe

organizedinmany ways, and many parlieswillplay

a roleindoing so.Among theentitiesthatwillorga-
nizeinformationwillbe individuals,profesdonalso-

deties,libraries,governments,commercialindexing

services,or any collectionof individualssharinga
corru_noninterest.An importantfeatureofthemodel
isthatthe same informationcan be organizedin

multipleways.

The individual in thebest positiontoorganize

thepaperswrittenby a particularauthoristhatau-
thor.With Prospero,an authorcan maintaina direc-

toryreferencinghisorher own work,or atleastthat
work which othersshouldfind.The incentivefordo-

ing so isvis_ility. The easewith which otherscan
findone's writingsaffectsthe likelihoodthatthose

writingswillbe used.By maintainingone'sown in-

dex of papers, one can also add (='oss-referencesto
more recent work as it is completed.

The usefulnessofsuch a directoryisgreatlyen-

hanced when itisitselfreferencedfrom a higherlev-

eldirectoryof authors.Such directoriesare main-
tainedtoday inlibrarycardcatalogsand inreader's

guides to the literature,but the job of maintaining

such directories is greatly simplified when imple-
mented using Prospero; the maintainer of the higher
level index would only have to update the directory
when new authors are added. Once added, it is up
to the authorsthemselves,or to individualsmain-

tain£ngdirectorieson behalf of theauthors,tokeep
I

the list of the author's publications current.

Organizations like the ACM and the IEEE

might eachmaintain a directory of topics in comput-
er science and designate experts in each area to
maintain the directory on that topic. Organizations
in other fields, for example, the American Medical
A.ssodation, might do the same. The custodians of
particular topics could add references to worthwhile
items as they are discovered. In cases where certain
well-cra/ted queries on automatically maintained da-
_bases yield useful results, those queries can be en-
coded in filters, and the result added to the collection

of topics as a virtual directory. Libraries could then
maintaindirectoriesof generalfieldssuch as com-

puterscience, chemistry, and literature with links to
thedirectoriesmaintainedby variousorganizations.

Users willbuild theirown hierarchiesoffiles

by creatingdirectories,subdirectorles,and filesof
theirown and by adding linkstofiles,directories,

and subdirectories created by others. Fdes that are

frequently accessed by a user will probably have
short names while names will be longer for objects
of less interest. Because directories of other users
will be accessible from the user's virtual system, the

virtual system will probably contain files that a user
has never accessed and

¢

German ]

might not even know about.
These files, however, will be

deep in the user's hierarchy.

If individuals do not

like the way information is
organized, they can organize
it themselves, or they can

find different experts whose
views more closely match
their own. They can com-

pletely customize their own
name space so that their al-
ternative view is used in-

stead of the more accepted
view. In fact,which view is

the accepted view becomes
more a matter of whose

views more people adopt,
rather than whose view is of-

tidally sanctioned.

Figure 2. Directory with dlstrlbuta0 applied
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Over lime, multiple commur_ties of users will
evolve. It is expected that the members of each com-

"munity will have similarly structured name spaces,
but name spaces may vary widely across different
communities of users. For example, members of the
computer science community might organize virtual
systems In one way, while members of the medical
community might think of the world in a completely
diHerent manner.

Searching for Information

Once information has been organized, users can
look for it in many ways. A user looking for a paper
on heterogeneous computer systems by a particular
author might find the paper in a directory main-
tained by that author. A user who did not know any
of the authors might find the same paper in a direc-
tory of papers on distributed computing. Of course,
just knowing that the information of interest exists
in a published paper can be a big help; many t/rues a
user will not even know that.

Today, ff something is available that is of inter-

est, it is often found through directories such as the
phone book or yellow pages, through reading news-
papers and other Periodicals, or by word of mouth.
In the research community, these sources of infor-
marion are supplemented by techn/cal papers, elec-
tronic mail, and mailing lists. It is likely that these
methods will continue to find significant use even
once other mechanisms are in place. The Virtual Sys,
tern Model allows much of the information that is

useful for finding objects, but which to date could
only be obtained by external means (such as asking
the author of a paper), to be included as part of the
file system. The Prospero file system can then be
used as the matrix through which users can navigate
to find the desired information.

One way that information can be found using
the Prospero director), service is through browsing.
An individual interested in a Particular topic can
connect to the virtual system of someone else who is
known to be interested in that topic. 2 The user could

then look through those virtual systems for docu-
ments or files of Interest. Of course, users would

only see those files that the owner of the virtual sys-
tem has authorized them to see.

Browdng is considerably more likely to be ef-
fective using Prospero than with traditional file sys-

tems. Prospero encourages users to make their own
links to the files in which they have an interest. As
such, interesting files are likely to appear in the hier-
arch/es of many people, thus increasing the likeli-

hood that the files wm be found by browsing.

The Prospero directory service also provides
the fabric on which resource discovery methods
might operate. The Prospero server, makes directory
structures from existing systems part of that fabric,
yet users can add their own links to augment the ex-
isling structure. Knowbots could nav/gate through
the fabric and might themselves augment the exist-
ing structure by adding I/nks to objects that they
find. This augmentation of the naming network
might provide both a method for a Knowbot to com-
municate its results hack to its initiator, as well as a

method through which knowbots can Interact with
each other.

Experience

A prototype of Prospero has been available since De-
cember 19907 The prototype allows users to con-
struct virtual systems and to navigate through them.
In addition to the basic release, there are several

standalone applications that rely on Prospero to re-
trieve directory information from indexing services.

Programs linked with the Prospero compatibil-

itylibrary are able to spedfy file names relative to
theactivevirtualsystem when opening files.Prospe-
ro is a heterogeneous file system; instead of provid-
ing its own methods for accessing files, it relies on
multiple underl_ng methods. The prototype pres-
entlysupportsSun's Network File System,the An-
drew FileSystem, and the Fde TransferProtocol

(FI'P).For FIP, the fileisautomaticallyretrieved,

and thelocallycachedcopy isthenopened.

As distributed, a user's virtual system starts
out with links to directories organizing information
of various kinds in several ways. Figure 3 shows a
sample session with Prospero. Users find inlorma-
lion by moving from directory to d/rectory in much
the same manner as they would in a traditional file
system. Users do not need to know where the infor-
marion is physically stored. In fact, the files and di-
rectories shown in the example are scattered across
the Intemet. At any point, a user can access files in a
virtual system as if they were stored on his or her lo-
cal system.

In the example, the user connects to the root di-
rectory and lists it using the ls command. The result
shows the categories of information Included in the
virtual system. The information includes online cop-
iesofpapers(inthepapersdirectory),archives ofIn-

temet and Usenet mailinglists(inthe mailing-_st

and newsgroups directories),releasesof sq.ftware
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Sc:ipt started on Ned Jan 29 21:02:50 1992
t cd /
t ls
afs £nfo papers
databases lib projects
documents mailing-lists releases
guest newsgroups sates
tcd papers

authors conferences
bibliog=aphies _ournals
% cd technical-reports
t ls
Berkeley IAState OregonSt
BostonU HIT Purdue
Chorus NYU Rochester
Columbia NatlnstHealth Toronto
Digital OregonGrad UCSantaCruz
% is UCSantaCzuz
crl
% is UCSantaCruz/crl
ABSTRACTS.1988-89 ucsc-crl-91-01.ps.Z
ABSTRACTS.1990 ucsc-crl-91-02.partl.ps.Z
ABSTRACTS.1991 ucsc-crl-91-02.patt2.ps.Z
ABSTRACTS.1992 ucsc-crl-91-02.ps.Z

INDEX ucsc-crl-91-03.ps.Z
ucsc-crl-88-28.ps.Z ucsc-crl-91-06.ps.Z

t'is VWashingcon
CS cse

t
t ls OWashin_on/cs
1991 INDEX
1992 OVERALL-INDEX

% cd /papers
t is

authors conferences

bibliographies Journals
% is Journals

PRE-1991

README

subjects
technical-reports

OCalgary UWashing_on
UColorado Virginia
UFlorida WashingtonU
UKentucky
UMichigan

subjects
technical-reports

acm-sigcomm-ccr ieee-tcos-nl
t ls Journals/ieee-tcos-nl
app-form.ps.Z vSnl v5n3
cfp vSn2 vSn4

% is Journals/acm-sigcomm-ccr
application.ps Jan89

8pr89 Jang0
aprg0 _an91
ap=91 Ju189
% vls Journals

8cm-sigconnu-ccr
ieee-tcos-nl

t

script done on Red Jan 29 21:06:53 1992

Ju190 sigcommgo-zeg.ps
oct88
oct89
aigoomm90-prog.ps

NNSC.NSF.NET lusrlftplCCR
FTP.CSE.UCSC.EDU /home/lip/pub/toes

Rgure 3. Sample session
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packages (in the releases directory), and the contents
of prominent Internet archive sites (in the sites
directory). Fdes of interest can appear under more
than one directory. For example, a paper that is
available from a prominent archive site might also
be listed under the papers directory.

Next, the user connects to the papers directory,

lists it, and finds the available papers further cate.

gorized as conference papers, journal papers, or
technical reports. The technical report directory is
broken down by organization and by department
within the organization. The journals directory is or-
gan/zed by the journal in which a paper appears,
and the two journals that are shown are luther orga-
nized by issue. Use of the vls command shows
where a file or directory is physically stored, demon-

strating the fact that the files are scattered across the
Internet (IEEE TC/OS Newsletter on

FI"P.CSF..UCSCEDUand Computer Communications
Review on NNSCNSF.NYI".)Though not shown in the

example, papers are also organized by author and
subject in other directories from the same virtual

system.

It is important to note that the example shows
only partoftheinformationavailablethroughPros-

pero,and thatitshows a typicalway thattheinfor-
mation isorganized.Individualscan organizetheir

own virtualsystemsdifferently.

One ofthe most frequentlyused directoriesin

Prospero is thatrepresentingthe Archie database,

developed atMcGillUniversity('Emtage& Deutsch,

1992).That directoryincludessubdirectoriesorga-

nizingfilesaccordingtothelastcomponents of their
filenames. For example, thesubdirectoryprosp con-

tainsreferencestothefilesavailableby Anonymous

FTP whose names includethe stringpvosp.Among

the matches would be filesrelatedtoProspero.The

contentsofeachsubdirectoryareequivalenttowhat

would result from running the Unix find com-
rnand with appropriate arguments over all the major
archive sites on the Intemet (ff it were even poss_le
to do so). The subdirectories do not exist individual-

ly but are instead created when reJerenced by query-
ing the Arch/e database. The use of Archie through
Prospero has been so successful that the Archie
group has adopted Prospero as the preferred meth-
od for remote access to the Archie database.

To provide the benefits of Prospero to users
who have not installed it on their systems, Steve
Clfffe of the Australian Academic and Research Net-

work (AA.RNet) Archive Working Croup has added

Prospero support to one of theirFIP servers.As

well as making files available from the physical file
system, the modified FI'P server makes files availa-
ble from a virtual file system. When a retrieval re-

questisreceived,theFTP serverlocatesthe fileus-

ingProspero and checks to see if a copy of the file is
available locally. Using Prospero to check the last
modified time of the authoritative copy, the .FrP

server checks that the local copy is current. If a cur-

rent copy does not exist locally, the server retrieves
and caches a copy of the file. The local copy is then
returned to the client.

Future Plans

Prospero isan evolving system.We arecontinuing
towork closelywiththeArch/egroup tomake addi-
tionaldatabasesavailable.Immediate plans forthe

futurealsoinvolveintegratingProsperowith addi-

tionalindexing servicesincludingWAIS (Y,.ahle&
Medlar,1991),and once theyare deployed,semantic

filesystems(Giffordetal.,1991)and distributedin-

dices(Danzigetal.,1991).Thiswillbe accomplished

by allowing a Prospero server to make meta-
information from these databases available using the

Prospero protocol.

In many respects, the goals of Prospero are
similar to those of Hypertext systems such as World
Wide Web _erners-Lee et al., 1992). We hope to
make information from that system available

through Prospero.

We will be adding additional methods for re-
trieval of data. This will be of use when integrating
WAIS and Prospero since much of the data indexed

by WAIS is retrievable only with 7.39.50. In addition
to adding real-time access methods, we will be add-
ing several off-line methods. For files that are access-
ible only by electronic mail, an e-mail method will
be added that will automatically request the file on
the user's behalf, allowing references to such files to

be organized together with other files.

We also plan to add support for publications
that are available only on paper. Indices for such in-
formation can be made available by running a Pros-

pero server over a bibliographic database. The refer-
ences would indicate the information needed to

obtain a copy of the document, either an ISBN num-
ber or perhaps the shelf location in the local library.

Concluding Remarks

The Virtual System Model provides a powerful
framework within which information can be orga-
nized. Prospero makes that framework available for
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organizing information on the Intemet. By them-
_ selves, neither the model nor the prototype help

users find information of interest. Their contributions

are in encouraging and enabling users to organize in-
formation in ways that make it easier to find things.

Professional societies, libraries, governments,
commercial indexing services, and others will play

important roles in organizing the information avalla-
ble from future systems. The Virtual System Model
allows such service providers to build on each oth-
er's work, eliminating duplicated effort, and it al-
lows users to construct views of the information pro-

vided by these services which better meet their own
requirements. The real contribution of this work will
depend on the extent to which the model is adopted
by these service providers and how it is used in fu-

ture systems.
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Notes

I. In fact, indexing is itself a method for orga-
nizing information, although it is typically applied
to only a subset of the information available.

2. The directories and files that a user main-

talns will be owned by that user. Parts of a user's
hierarchy, however, may be owned by other users.
Access control information is maintained along with

each file or directory, and with each directory link.
This information determines who is allowed to read
the file or search the directory. It is expected that us-

ers will make parts of their hierarchies accessible to
others, but how much is to be made available will

be decided by the individual.
3. For information on obtaining the release

please send a message to info.prospero@isi.edu.
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